Introduction
============

Heterogeneous catalysts are dynamic systems in the sense that they can be seen as "smart materials", which adapt their structure under the specific reaction conditions locally experienced in the reactor.[@cit1] Such "living character" of the catalyst within the reaction environment strongly affects the surface structure, which is a crucial component in determining the observed activity and selectivity in very important metal-supported catalytic processes of industrial relevance (*e.g.*, NH~3~ synthesis, Fisher--Tropsch, hydrocarbon reforming).[@cit2] Considering the complex nature of these phenomena, multiscale analysis based on microkinetic modelling is acknowledged to be the key tool for the interpretation of the experimental evidence for gaining fundamental information on the relation between the structure and the activity of heterogeneous catalysts.[@cit3],[@cit4] However, despite the fact that the surface structure has been considered an important factor in catalysis science since the discovery of structure sensitive reactions,[@cit5],[@cit6] the effect of the structure of the catalyst on reactivity and selectivity is at present neglected in state-of-the-art microkinetic modelling. As such, these models strongly rely on an abstract and static concept of the "catalyst material", which is often modelled as a generic free site "\*", without explicitly accounting for the effect of the actual orientation and positioning of the atoms at the surface and their dependence on the operating conditions. All the structural effects are typically accounted for by means of fine-tuning and refinement of the kinetic parameters based on selected experimental data. This approach can lead to a satisfactory description of conversion and selectivity trends and, thus, it is a very valuable tool for the description of the macroscopic kinetic behaviour of a catalytic process. However, the material gap in the modelling of the active site intrinsically precludes the detailed analysis and understanding of the underlying mechanisms at the atomic-scale level.

A catalyst under reaction conditions generally shows numerous types of active sites, each with different activity. For instance, catalyst nanoparticles are characterized by crystal facets, edges, corners and defects, which interact differently with the reaction intermediates, yielding different reactivities. In particular, low-coordinated catalyst atoms are generally more active than high-coordinated ones, and in some conditions they give a predominant contribution to the catalytic process.[@cit2],[@cit7] Moreover, adsorption, phase transitions and sintering processes can modify the morphology (*e.g.*, shape and size) of the catalyst nanoparticles and consequently change the nature and the relative amount of their active sites.[@cit8],[@cit9]

An example of a system in which the catalyst undergoes drastic morphological modifications under reaction conditions is the catalytic partial oxidation (CPO) of CH~4~ on a Rh/Al~2~O~3~ catalyst.[@cit10],[@cit11] Grunwaldt *et al.* performed a 2D-mapping of the Rh oxidation state in a catalyst bed by means of X-ray absorption near edge structure (XANES) spectroscopy and a charged coupled device (CCD) camera,[@cit12] and observed that the catalyst changes its oxidation state as a function of the O~2~ chemical potential in the reactor. At the steady state, the reactor turns out to be stratified in two distinct zones: in the first zone, Rh is highly oxidized, whereas, in the second zone, Rh nanoparticles are reduced. The variation in structure observed between the two zones of the catalytic bed is sharp and it is accompanied by a drastic change in the selectivity of the process: when the catalyst is oxidized, total oxidation is observed, whereas, when Rh is in its metallic form, syngas is produced.

The modelling of the crystal habit of the catalyst material under reaction conditions and its effect on the activity easily result in a high level of complexity.[@cit13] This is related to the necessity of both (i) building microkinetic models not only for one facet, but for several facets (potentially including corners, edges, and defects), and (ii) coupling the prediction of the structure and shape of the nanoparticle to the local variation of the chemical potential in the reactor. In this situation, however, the first-principles description of the whole set of possible phenomena is beyond the limit of complexity accessible to even the most efficient implementation of first-principles calculations.[@cit13]

A first step towards filling the material gap in microkinetic modelling can be achieved by decoupling the calculations of the distribution of the chemical potential in the reactor and its effect on the structure of the catalyst. We first employ a structureless microkinetic model to calculate the distribution of the chemical potential in the reactor. Structureless models allow for a reliable and detailed analysis of the macroscopic kinetic behaviour of the catalytic process. However, they do not provide any information about the catalyst structure and how it is modified by the gas phase. These phenomena are lumped together in effective kinetic parameters of the elementary steps that reflect the fine-tuning of the kinetic parameters with various experimental data. Then, at the specific conditions of the chemical potential calculated with the microkinetic model, we study how the reaction environment induces morphological changes in the catalyst structure. The description of the catalyst structural changes is achieved by using *ab initio* thermodynamics and Wulff--Kaishew construction.

In particular, here we focus our analysis on the CPO of CH~4~ on Rh/α-Al~2~O~3~, for which well-established microkinetic models are reported in the literature. The structureless microkinetic model by Maestri *et al.*[@cit14],[@cit15] is used for calculating the profiles of the gaseous species along the reactor coordinate and to identify the most abundant reaction intermediates (MARIs) at the catalyst surface. Then, with *ab initio* thermodynamics and Wulff--Kaishew construction, we calculate how the morphology of the catalyst changes when exposed to the calculated chemical potential of the gaseous species, in agreement with the experimental evidence.[@cit16] In particular, density functional theory (DFT) calculations and *ab initio* thermodynamics are employed to calculate the most stable bulk and surface structures of catalyst materials under different conditions of the reaction environment. For each crystal facet of the catalyst, the thermodynamically most stable surface structure (*e.g.* ordered or disordered adsorbate configurations, surface reconstructions) in equilibrium with the surrounding gas is selected. Then, the adhesion energy between the catalyst and the support is calculated and the 3D shape of the nanoparticles along the reactor coordinate is estimated by the Wulff--Kaishew construction method.

Methods
=======

In this section we provide the description of the different methods employed in the analysis of the CH~4~ CPO experiments on Rh catalysts.

Microkinetic modelling
----------------------

The reaction environment inside the chemical reactor for CH~4~ CPO experiments on Rh/α-Al~2~O~3~ is characterized in terms of profiles of gaseous species partial pressures and adsorbate coverages, by numerically solving mass balance equations under isothermal conditions as reported in [@cit17]. Details are provided in the ESI[†](#fn1){ref-type="fn"} (section 1). The reaction rates are calculated with the detailed, thermodynamically consistent microkinetic model developed by Maestri *et al.*[@cit14],[@cit15] The model is structureless, in the sense that it does not contain any explicit information about the catalyst structure and how it evolves during reaction. It consists of 82 surface reactions between 13 single-site adsorbate species and includes the effect of adsorbate--adsorbate interactions on activation energies of surface kinetics. It was derived using a hierarchical multiscale methodology based on the UBI-QEP framework and it was refined with first principles calculations to correctly account for the relevant pathways involved in water-gas shift (WGS) and reverse water-gas shift reactions.[@cit15] The resulting scheme can describe several reaction systems on a Rh/α-Al~2~O~3~ catalyst: CH~4~ pyrolysis and oxidation, steam reforming, H~2~ and CO-rich oxidation, WGS and reverse WGS.[@cit18],[@cit19]

Electronic-structure calculations
---------------------------------

Electronic-structure calculations are performed using density-functional theory (DFT), as implemented in the Quantum Espresso[@cit20] suite of codes, with PBE (Perdew, Burke, and Ernzerhof[@cit21]) GGA ultrasoft pseudopotentials and a plane wave basis set. Rh oxide systems are described using a DFT+U approach, to correct electron self-interaction, which can be relevant for these systems.[@cit22] The value of the *U* parameter is selected by testing different values and comparing the band gap of the relaxed bulk Rh~2~O~3~ with its experimental value. A value of *U* of 3.5 eV is applied to the Rh atoms in order to match the experimental value of the band gap of Rh~2~O~3~ (1.20 eV ([@cit23])). Metallic Rh surface structures are instead described taking into account the contributions of van der Waals interactions (with the vdW-DF2 functional[@cit24]--[@cit27]), which can play an important role in the description of CO\* adsorption on Rh surfaces.[@cit28] Further considerations on the selection of the *U* parameter and the employed functionals are reported in the ESI[†](#fn1){ref-type="fn"} (section 2).

Periodic surface slabs with inversion symmetry are used to characterize the catalyst surfaces in terms of specific surface free energy (per unit of area) and binding energies of adsorbates, which are positioned on both sides of the slabs. The top three and bottom three slab layers are fully relaxed until all force components acting on the atoms are below 2.6 × 10^--2^ eV Å^--1^ and the difference in energy between two calculations is lower than 1.36 × 10^--3^ eV. Convergence tests have been performed with respect to the specific surface energy, with a threshold value of 10^--3^ eV Å^--2^. The resulting converged parameters are: a kinetic energy cut-off for wave functions of 35 Ry and for charge density and potential of 280 Ry, a grid of 12 × 12 × 12 *k*-points for bulk Rh and of 6 × 6 × 2 for bulk Rh~2~O~3~, 6 × 6 × 6 for bulk RhO~2~, a slab height of about 12 Å and 10 Å of vacuum. For surface supercells, correspondingly smaller *k*-points grids are used to ensure an equivalent sampling of reciprocal space. All the parameters have been selected to achieve convergence with the different functionals or calculation set-ups herein employed. Gas phase calculations have been performed in a cubic supercell. The size of the supercell (14 Å) was selected to avoid interactions between the atoms of two neighbouring periodic cells.

The lattice constant of Rh was 3.85 Å (3.96 Å with vdW-DF2), in agreement with the experimental value (3.80 Å).[@cit29] The lattice parameters of the hexagonal cell of corundum Rh~2~O~3~, *i.e.* the length of the basis vectors and the height of the cell, were 5.17 Å and 13.96 Å, respectively, consistent with the experimental values (5.21 Å and 14.15 Å).[@cit30] The lattice constants of rutile RhO~2~ were 4.51 Å and 3.06 Å, in good agreement with the experimental values (4.59 Å and 3.15 Å).[@cit30] The geometric parameters of Rh oxides did not change after the application of Hubbard *U* corrections. The lattice parameters of α-Al~2~O~3~ were 4.80 Å and 13.09 Å, in good agreement with the experimental values (4.76 Å and 12.99 Å)[@cit31] and with previous theoretical studies.[@cit32]

*Ab initio* thermodynamics
--------------------------

The changes in the structure of the catalyst are predicted by means of *ab initio* thermodynamics[@cit33] calculations. This method consists of selecting the most stable configuration of a system of atoms in equilibrium with a reservoir by comparison of specific thermodynamic quantities -- *e.g.* the surface free energy -- calculated by means of first-principle techniques. The main assumption is that the system is in thermodynamic equilibrium with the surrounding environment, which can be characterized by both experimental observation and microkinetic modelling.

### Bulk structure

Considering that the catalyst can exist in its metallic and its oxidized form, the most stable catalyst bulk structure in specific conditions is obtained by selecting the structure that shows the lowest grand potential per Rh atom, *Ω*~Rh~*x*~O~*y*~~(*T*,*P*,*P*~O~2~~):where ![](c8cy00583d-t2.jpg){#ugt2} and *G*bulkRh(*T*,*P*) are the Gibbs free energy of the bulk structure Rh~*x*~O~*y*~ and the bulk Rh, respectively. *μ*~O~ is the chemical potential of an oxygen atom in the catalyst structure, assumed to be equal to the chemical potential of an oxygen atom in the reservoir of the system, typically oxygen molecules in the gas phase.

The chemical potential of gaseous species is calculated in the ideal gas approximation as:where *E*ZPEA is the zero-point energy of the molecule A, *k*~B~ is the Boltzmann constant and Δ*μ*0A(*T*,*P*^0^) is its reference chemical potential, calculated using the NIST-JANAF thermochemistry tables.[@cit34]

The Gibbs free energy of crystalline solid bulk systems is calculated as:where the *PV* term and the configurational entropy contribution are neglected.[@cit33]*F*vibsolid is the vibrational free energy of the system, calculated from phonon density of states by density functional perturbation theory.[@cit20]

### Surface structure

Concerning metallic Rh systems, for each crystalline facet that the catalyst can expose to the environment, the most stable surface structure is calculated by selecting the structure that shows the lowest specific surface energy, ![](c8cy00583d-t4.jpg){#ugt4}:where ![](c8cy00583d-t6.jpg){#ugt6} is the Gibbs free energy of the surface structure supercell, *G*bulkRh is the energy of an atom in Rh bulk, *N*~Rh~ and *N*~A\*~ are the number of Rh atoms and of the adsorbate molecules in the supercell, respectively. *μ*~A\*~ is the chemical potential of the adsorbate present in the surface structure, assumed to be equal to the chemical potential of its reservoir (in the gas phase) and *A*~S~ is the area of the supercell base.

The specific surface energies of the different terminations that Rh~2~O~3~ can expose in equilibrium with the oxygen in the surrounding environment are calculated as:where ![](c8cy00583d-t8.jpg){#ugt8} is the Gibbs free energy of the slab that represents the (*hkil*) surface termination, made of *N*~Rh~ Rh atoms and *N*~O~ oxygen atoms, ![](c8cy00583d-t9.jpg){#ugt9} is the energy of 2 metal atoms and 3 oxygen atoms in the bulk phase and *μ*~O~ is half of the chemical potential of an oxygen molecule in the gas phase.

Neglecting the contribution of the *PV* term,[@cit33] we calculate the Gibbs free energy of Rh systems in the presence of adsorbates on the surfaces as:

The vibration contributions to the systems containing adsorbates on the Rh surfaces are calculated in the harmonic oscillator approximation, from a finite difference approximation of the Hessian matrix. The contribution of the vibrational modes of the Rh atoms below the top layer of the slabs is neglected. The configurational entropy of disordered surface structures is calculated in the lattice 2D gas approximation,[@cit35] considering the adsorbates as indistinguishable, as a function of the coverages of adsorbates (*ϑ*~A\*~):

### Support adhesion energy

To account for the influence of the alumina support, we investigate the morphology of α-Al~2~O~3~(*hkil*) surfaces as a function of the chemical potential of oxygen and water, which are present in the reaction environment. The specific surface energy of different terminations of Al~2~O~3~ is calculated as:where ![](c8cy00583d-t12.jpg){#ugt12} is the Gibbs free energy of the termination, made of *N*~Al~ aluminium atoms, *N*~O~ oxygen atoms and *N*~H~ hydrogen atoms, and ![](c8cy00583d-t13.jpg){#ugt13} is the energy of 2 metal atoms and 3 oxygen atoms in the bulk phase.

Sandwich-like symmetric slabs (shown in section 3 of the ESI[†](#fn1){ref-type="fn"}) characterized by inversion symmetry are employed to calculate the adhesion energy between the catalyst and the support surfaces. In the case of Rh and Al~2~O~3~ facets:where ![](c8cy00583d-t15.jpg){#ugt15} is the Gibbs free energy of the sandwich-like slab, and 2*A*~S~ is the total contact area between the two phases, equal to twice the area of the supercell base. The supercell is constructed by ensuring that the periodicities of the two different structures (support and catalyst surfaces) are preserved (details in section 3 of the ESI[†](#fn1){ref-type="fn"}).

Wulff--Kaishew construction
---------------------------

The size-independent 3D shape of catalyst nanoparticles under reaction is drawn with the Wulff--Kaishew construction method. The minimum surface energy for a given volume of a crystal polyhedron is achieved if the distances of its faces from one given point are proportional to their specific surface energies:where *h*~*hkl*~ is the distance of the surface (*hkl*) from the centre of the nanoparticle, *γ*~*hkl*~ is the specific surface free energy of the surface and *λ* is an arbitrary constant. With *ab initio* thermodynamics, we calculate the specific surface energies of a set of crystal facets that the solid can expose in equilibrium with the surrounding environment, neglecting the interactions with other facets and with the support. Then, for each considered (*hkl*) surface, a plane normal to the vector (*hkl*) is drawn at a distance from the origin proportional to the specific surface energy of the plane. Planes representative of the symmetry of the bulk are also drawn. The presence of the support results in a truncation of the nanoparticle 3D shape in the direction characterized by the lowest catalyst--support adhesion energy. The structure of the catalyst--support interface is obtained by selecting the catalyst facet that shows the lowest adhesion energy, *γ*~adh~ (calculated with eqn (9)), when it is in contact with the support. Then, a plane is drawn at a distance from the centre of the Wulff--Kaishew construction proportional to the catalyst--support specific adhesion energy, *h*~support~:[@cit36]

The space that lies inside all these planes defines the equilibrium shape for the nanoparticle in the considered conditions. The thermodynamic shape is size-independent, except in cases of exceptionally large strain effects or counting effects related to edge and corner atoms.[@cit37]

Results and discussion
======================

In this section, the methods described above are employed to study the morphological changes of a 4% Rh/α-Al~2~O~3~ catalyst induced by the variation of chemical potential in the reactor. We focus our analysis on the experiments of Donazzi *et al.* in an annular reactor.[@cit38]

Microkinetic modelling
----------------------

Microkinetic modelling is employed to calculate the gas phase composition inside the reactor and to identify the MARIs present at the catalyst surfaces. We employ a steady-state 1D heterogeneous model and the kinetics of the microkinetic model by Maestri *et al.*[@cit14] The geometric parameters of the reactor and the operating conditions are reported in [Table 1](#tab1){ref-type="table"}.

###### Reactor geometric parameters and operative conditions

  ---------------- -------- ----------------------- ----------------------------------
  Temperature      773 K    GHSV                    2 × 10^6^ Nl kg~cat~^--1^ h^--1^
  Pressure         1 atm    Inlet molar fractions   
  Reactor length   2.2 cm   CH~4~                   0.01
  Inner diameter   0.4 cm   O~2~                    0.01
  Outer diameter   0.5 cm   N~2~                    0.98
  ---------------- -------- ----------------------- ----------------------------------

[Fig. 1a](#fig1){ref-type="fig"} shows the calculated axial profiles of partial pressures of the gaseous species that come into contact with the Rh catalyst in the reactor. The concomitant surface coverages are reported in [Fig. 1b](#fig1){ref-type="fig"}.

![Major species partial pressures axial profiles at the catalyst interface (a) and surface coverages (b). Reactor geometric parameters: annular geometry, length: 2.2 cm, inner diameter: 0.4 cm, outer diameter: 0.5 cm. Inlet molar fractions: CH~4~ = 0.01, O~2~ = 0.01, N~2~ = 0.98, GHSV = 2 × 10^6^ Nl kg~cat~^--1^ h^--1^, *T* = 773 K and *P* = 1 atm.](c8cy00583d-f1){#fig1}

In agreement with previous experimental findings,[@cit12] we observe a sharp change in the reactive environment that divides the reactor into two different zones: at a distance from the reactor inlet of about 1.2 cm, a sharp drop of O\* coverage at the catalyst and of O~2~ partial pressure in the gas phase occur. This drastic variation in the chemical potential of O~2~ in the reactor is accompanied by a change in the selectivity of the process: syngas formation -- absent in the presence of O~2~ at the catalyst interface -- starts to occur as soon as the amount of O~2~ drops to very low values at the catalyst surface. Thus, the reactor becomes stratified in two distinct zones. In the first zone, no syngas production is observed and O\* is the most abundant adsorbate at the catalyst surface. In the second zone of the reactor, syngas production is observed and CO\* and H\* are the MARIs. This dependence on the selectivity to syngas is in agreement with the experimental observation.[@cit10] The structureless microkinetic model relates this selectivity change to the oxygen coverage dependence of the H\* and CO\* oxidation pathways, which are faster at high O\* coverages than their desorption, thus leading to CH~4~ total oxidation.[@cit18] The experiments of Grunwaldt *et al.*,[@cit10],[@cit16] however, suggest that this selectivity change is related to a change of the morphology of the catalyst in an O-rich environment. To account for this structural variation, here we associate the chemical potential of gaseous species along the reactor coordinate calculated by microkinetic modelling with particular morphologies of the catalyst. This allows us to study how the reaction environment induces changes in the catalyst structure during reaction.

Bulk phase stability
--------------------

In the aim of modelling how the catalyst morphology changes as a function of the chemical potential in the reactor, we first investigate which is the thermodynamically stable bulk phase of the catalyst when it is in contact with the gaseous environment.

In their experimental work, Grunwaldt *et al.*[@cit12] observed that temperature induced oxidations and reductions of the catalyst are very fast: during the stabilization period of their tests (250 °C \< *T* \< 350 °C, duration = 2 hour) they made the temperature rise and decrease multiple times and they observed that the catalyst got fully reduced at high temperatures and fully oxidized at low temperatures. Then, the oxidation state of the catalyst remained stable with time. Thus, it can be assumed that for Rh/α-Al~2~O~3~ systems, the morphological transformation at relatively high temperatures (*T* \> 250 °C) is reversible and it is not hindered by metastable structures.

Hence, with eqn (1), we calculate the oxygen chemical potential at which the phase transition between Rh, Rh~2~O~3~ and RhO~2~ bulk phases occurs. Explicating the dependence of *μ*~O~ from temperature and oxygen partial pressure with eqn (2), we derive the bulk phase diagram of Rh and its oxides, represented in [Fig. 2](#fig2){ref-type="fig"}. Under the inlet conditions of the CPO reactor (*T* = 773 K and *P*~O~2~~ = 0.01 atm), the stable catalyst bulk phase is Rh~2~O~3~. At the same temperature, when the oxygen partial pressure drops below 1.2 × 10^--3^ atm, metallic Rh becomes the most thermodynamically stable bulk structure. This value of oxygen partial pressure is close to the critical value at which the sharp change in the reactive environment is predicted by reactor modelling. Therefore, the sharp variation of the selectivity of the process (no syngas *vs.* syngas production) is associated with a concomitant change of the oxidation state of the catalyst. In zone 2 of the reactor, where the oxygen content in the system is very low, metallic Rh remains the most stable bulk phase. RhO~2~ does not become thermodynamically stable in the range of conditions of our simulation.

![Bulk phase diagram of Rh (in blue), corundum Rh~2~O~3~ (in red) and rutile RhO~2~ (in purple). In dark red and dark blue are the ranges of conditions that characterize the first and the second zone of the CPO reactor at 773 K and 1 atm.](c8cy00583d-f2){#fig2}

Our calculations agree with the experimental observations of Grunwaldt *et al.*[@cit12] and show a modification of the structure of the catalyst as a function of the chemical potential, which is not accounted for by the microkinetic model. Thus, the structureless microkinetic model, although able to well reproduce the kinetic macroscopic behaviour of the process, cannot give insights into the underlying atomistic details at the active site.

Catalyst morphology in zone 1
-----------------------------

After modelling how the bulk phase changes with the change of reactive environment, we now aim at predicting the morphology of the catalyst surface and its relationship with the reaction environment. We use two different models to describe the catalyst in the two regimes found in the annular reactor. In the first zone, the catalyst is oxidized, and the reservoir of oxygen atoms is gaseous oxygen in contact with the catalyst surfaces. The O~2~ adsorption/desorption elementary step is at quasi-equilibrium.

Therefore, we calculate the chemical potential of O\* as a function of *μ*~O~2~~ as:

With the aim of calculating the catalyst morphology in the first zone of the CPO reactor, the stability of eight crystalline facets of Rh~2~O~3~ are investigated: (0001), (11\[combining macron\]02), (112\[combining macron\]3), (11\[combining macron\]01), (101\[combining macron\]1), (112\[combining macron\]0), (101\[combining macron\]0), and (101\[combining macron\]2), selected because they are the most stable surfaces of α-Al~2~O~3~,[@cit39] which has the same bulk structure as Rh~2~O~3~. For each (*hkil*) surface, different terminations, obtained from cleaving the bulk with parallel planes, are considered. Their specific surface free energies are calculated with eqn (5), neglecting the vibrational energy and the entropy contributions, because we calculated that at reasonably low temperatures (*T* \< 1000 K) the error introduced remains lower than 0.001 eV Å^--2^.

[Fig. 3](#fig3){ref-type="fig"} shows the plot of the specific surface energies of the Rh~2~O~3~ facets as a function of the oxygen chemical potential. With dashed lines are underlined the chemical potentials at which the transition to metallic Rh (Δ*μ*~O\*~ = --1.15 eV, in brown) and to RhO~2~ (Δ*μ*~O\*~ = --0.55 eV, in red) occur. In the whole range of stability of bulk Rh~2~O~3~, the most stable surface is Rh~2~O~3~(11\[combining macron\]02), and the second is Rh~2~O~3~(0001), both exposing stoichiometric terminations, in agreement with the findings of Scherson *et al.*[@cit23] Rh~2~O~3~(112\[combining macron\]3) turns out to be very stable at high values of oxygen chemical potential: it exposes an over-stoichiometric termination (with an excess of oxygen atoms with respect to the stoichiometric value of *N*~O~/*N*~Rh~ = 3/2), which reduces its surface energy with the increase of oxygen chemical potential. The most stable terminations of Rh~2~O~3~(112\[combining macron\]0) and Rh~2~O~3~(101\[combining macron\]0) are stoichiometric, whereas the most stable termination of Rh~2~O~3~(11\[combining macron\]01) has an excess of oxygens with respect to the stoichiometric ratio. Rh~2~O~3~(101\[combining macron\]1) shows a stoichiometric termination for Δ*μ*~O\*~ \< --0.75 eV, then an over-stoichiometric one. Rh~2~O~3~(101\[combining macron\]2) presents an over-stoichiometric termination with very high specific surface energy. Under-stoichiometric terminations are not stable at any value of Δ*μ*~O\*~ at which Rh~2~O~3~ is thermodynamically preferred. Representations of the structures are provided in section 4 of the ESI.[†](#fn1){ref-type="fn"}

![Specific surface energy plot of eight Rh~2~O~3~ surfaces, as a function of oxygen chemical potential: Rh~2~O~3~(0001) in blue, Rh~2~O~3~(11\[combining macron\]02) in orange, Rh~2~O~3~(112\[combining macron\]3) in yellow, Rh~2~O~3~(11\[combining macron\]01) in purple, Rh~2~O~3~(101\[combining macron\]1) in green, Rh~2~O~3~(112\[combining macron\]0) in cyan, Rh~2~O~3~(101\[combining macron\]0) in pink, Rh~2~O~3~(101\[combining macron\]2) in chartreuse.](c8cy00583d-f3){#fig3}

The effect of the support on the three-dimensional shape of the catalyst is taken into account by calculating the specific adhesion energy of Rh~2~O~3~(0001) and Rh~2~O~3~(11\[combining macron\]02) facets in contact with Al~2~O~3~(0001) and Al~2~O~3~(11\[combining macron\]02), which are the two most exposed facets of α-Al~2~O~3~.[@cit32],[@cit40] First, we characterize the Al~2~O~3~ surface structures: exploiting eqn (8), we investigate the stability of different terminations of the Al~2~O~3~ facets, with Al, O or OH as terminal groups. The stoichiometric terminations are the most stable over the entire considered range of oxygen chemical potentials, whereas hydroxylated terminations become stable for high water chemical potential (Δ*μ*~H~2~O~ = --1.475 eV, *i.e. P*~H~2~O~ = 100 bar at 773 K), in agreement with the data of García-Mota *et al.*[@cit32] and Marmier *et al.*[@cit40] The specific adhesion energy between Rh~2~O~3~ and α-Al~2~O~3~ is evaluated with eqn (9). Independent from the combination of facets, the resulting value of adhesion energy is about 0.02 eV Å^--2^ (details are provided in section 3 of the ESI[†](#fn1){ref-type="fn"}). This value is very small compared to the surface free energies of the Rh~2~O~3~ facets, yielding Wulff plots with a large contact area between the catalyst and the support.

In [Fig. 4](#fig4){ref-type="fig"} the 3D shapes of Rh~2~O~3~ nanoparticles at different values of Δ*μ*~O\*~, obtained with the Wulff--Kaishew construction method (eqn (10) and (11)), are represented. At the inlet of the reactor ([Fig. 1](#fig1){ref-type="fig"}), when Δ*μ*~O\*~ = --1.01 eV, the most exposed surfaces are Rh~2~O~3~(0001), Rh~2~O~3~(11\[combining macron\]02) and Rh~2~O~3~(112\[combining macron\]3), whereas the facets Rh~2~O~3~(112\[combining macron\]0) and Rh~2~O~3~(101\[combining macron\]1) appear in the Wulff plot, even with very small areas ([Fig. 4, panel a](#fig4){ref-type="fig"}). Close to the phase transition to reduced Rh bulk, at Δ*μ*~O~ = --1.11 eV, the surface area of Rh~2~O~3~(112\[combining macron\]3) is smaller, whereas that of Rh~2~O~3~(11\[combining macron\]02), Rh~2~O~3~(112\[combining macron\]0) and Rh~2~O~3~(101\[combining macron\]1) is slightly wider ([Fig. 4, panel b](#fig4){ref-type="fig"}). Considering now conditions characterized by higher oxygen chemical potential in the system, when Δ*μ*~O~ = --0.55 eV (close to the bulk phase transformation to RhO~2~), we find that the nanoparticle exposes only the Rh~2~O~3~(0001), Rh~2~O~3~(11\[combining macron\]02) and Rh~2~O~3~(112\[combining macron\]3) surfaces, with a high amount of Rh~2~O~3~(112\[combining macron\]3). The catalyst shape in these conditions is represented in [Fig. 4, panel c](#fig4){ref-type="fig"}.

![Percentage surface areas of the investigated crystal facets of Rh and Rh~2~O~3~ along the axial coordinate of the annular reactor for the CPO at 773 K. Wulff--Kaishew constructions of Rh~2~O~3~ nanoparticles at the inlet of the reactor, when Δ*μ*~O~ = --1.01 eV (a), at the conditions at which transition from zone 1 to zone 2 occurs, Δ*μ*~O~ = --1.11 eV (b) and when the bulk phase transition to rutile RhO~2~ occurs, when Δ*μ*~O~ = --0.55 eV (c). Wulff--Kaishew construction of Rh nanoparticles under three different operative conditions: at the beginning of zone 2 of the CPO reactor (d), at the outlet of the CPO reactor (e), under thermodynamic equilibrium conditions of the gas phase at 773 K (f).](c8cy00583d-f4){#fig4}

Catalyst morphology in zone 2
-----------------------------

As reported in [Fig. 2](#fig2){ref-type="fig"}, in the second zone of the reactor, the catalyst nanoparticles are reduced; CO\* and H\* are the MARIs, with coverages lower than 0.20 ML. The gas phase is not at the thermodynamic equilibrium composition, and it contains different gaseous species reservoirs of CO\* and H\*: H~2~O, CO~2~, CH~4~, CO and H~2~. However, only the reactions of adsorption/desorption of gaseous CO and H~2~ to CO\* and H\* turn out to be quasi-equilibrated from the microkinetic analysis. Therefore, we calculate the chemical potentials of CO\* and H\* as functions of *μ*~CO~ and *μ*~H~2~~:

The presence of other adsorbates does not affect the stability of Rh surfaces, as a consequence to the fact that their coverage is calculated to be lower than 0.01 ML.

With eqn (4) we calculate the specific surface free energy of all clean Rh facets characterized by Miller indices lower than 4. Then, with the Wulff construction method (eqn (10)) we calculate the equilibrium shape of clean Rh nanoparticles under vacuum and we find that the exposed facets are only six: (100), (110) (111), (211), (311) and (331). We select these six facets for the following study, as a good compromise between computational time and accuracy of results. Exploiting eqn (4), we calculate the thermodynamically stable surface structures of the six selected facets of Rh, in the presence of CO\*, H\* or both the adsorbates on the surfaces. [Fig. 5](#fig5){ref-type="fig"} shows an example of a double chemical potential plot of specific surface free energy (that of the Rh(110) facet). The specific surface free energy of the facet decreases with the increase of both chemical potentials. [Fig. 6](#fig6){ref-type="fig"} shows the double chemical potential phase diagrams of several ordered and disordered surface structures that we calculated to be the most stable on the six considered surfaces at different values of CO\* and H\* chemical potentials. On all the facets there are regions in which co-adsorption is preferred.

![Double chemical potential specific surface free energy plot of Rh(110) with CO\* and/or H\* adsorbed. Some of the most stable surface structures calculated by *ab initio* thermodynamics are represented in the figure. The coverage amount is represented with increasing the red colour for CO\* and the blue for H\*. The grey area represents the clean Rh(110) surface. Purple areas are characterized by co-adsorption of the two adsorbate species.](c8cy00583d-f5){#fig5}

![Surface phase diagrams of the six Rh facets investigated in our study, in the presence of CO\* and/or H\* adsorbates: (a) Rh(100); (b) Rh(110); (c) Rh(111); (d) Rh(211); (e) Rh(311); (f) Rh(331). As shown in the legend, the increasing H\* coverage is indicated by blue shades, and CO\* coverage is represented by red shades. Purple shades represent structures with both CO\* and H\* co-adsorbed. Orange crosses indicate the values of CO\* and H\* chemical potentials characteristic of the conditions found at the beginning of zone 2 of the CPO reactor. Green crosses indicate the conditions of the reactor outlet. Black crosses indicate the CO\* and H\* chemical potentials at which the gas phase is in thermodynamic equilibrium at 773 K.](c8cy00583d-f6){#fig6}

Our simulation of the CPO annular reactor at 773 K and 1 atm shows that, at the beginning of zone 2 (see [Fig. 1](#fig1){ref-type="fig"}), the partial pressures of CO and H~2~ are 4 × 10^--6^ atm (Δ*μ*~CO\*~ = --2.40 eV) and 2 × 10^--5^ atm (Δ*μ*~H\*~ = --0.87 eV), respectively. Under these conditions, the coverage on all the facets is very low (*ϑ*~CO\*~ \< 0.01 ML and *ϑ*~H\*~ \< 0.01 ML). At the outlet of the reactor, the CO partial pressure increases to 7 × 10^--4^ atm (Δ*μ*~CO\*~ = --2.06 eV), and the H~2~ partial pressure is 4.2 × 10^--3^ atm (Δ*μ*~H\*~ = --0.70 eV). Under these conditions, co-adsorption of CO\* and H\* is preferred on Rh(100). On Rh(110), Rh(211) and Rh(311), structures with adsorbed CO\* and H\* have similar energy to structures with only CO\* adsorbed. On Rh(111), the coverages predicted are very low, with H\* found to remain adsorbed more favourably than CO\*. On Rh(331), CO\* alone is the most stable. Considering now the conditions of the equilibrium composition of the gas phase at 773 K (*P*~CO~ = 6 × 10^--3^ atm and *P*~H~2~~ = 1.4 × 10^--2^ atm), we calculate that Δ*μ*~CO\*~ = --1.91 eV and Δ*μ*~H\*~ = --0.66 eV. Under these conditions, we find that CO\* is the favoured adsorbate on Rh(100), Rh(110) and Rh(331). Meanwhile, on Rh(111), Rh(211) and Rh(311) the co-adsorption competes with CO\* adsorbed alone. Details on the tested surface structures are reported in section 4 of the ESI.[†](#fn1){ref-type="fn"}

The effect of the support is taken into account by calculating the specific adhesion energy of Rh(100), Rh(110) and Rh(111) in contact with Al~2~O~3~(0001) and Al~2~O~3~(11\[combining macron\]02) surfaces. The adhesion energy is calculated with eqn (14), assuming non-coherent epitaxy between Rh and Al~2~O~3~ facets. Rh(111) is calculated to be the most favourable facet with which the catalyst is in contact with the support, and similar adhesion energies are obtained with the two investigated Al~2~O~3~ facets (0.025 eV A^--2^ for Al~2~O~3~(0001) and 0.029 eV A^--2^ for Al~2~O~3~(11\[combining macron\]02)). Details are provided in section 3 of the ESI.[†](#fn1){ref-type="fn"}

With the Wulff--Kaishew construction method (eqn (10) and (11)) we eventually calculate the equilibrium shape of the Rh catalyst nanoparticles as a function of the reactive environment. When syngas starts to be produced in the reactor, the catalyst nanoparticles (represented in [Fig. 4, panel d](#fig4){ref-type="fig"}) show a highly faceted shape, where the close-packed Rh(111) surface prevails. Rh(311) is the second most exposed surface structure, followed by Rh(331) and Rh(100). Rh(211) and Rh(110), on the other hand, present very small areas in the Wulff plot. At the reactor outlet, the exposed areas of Rh(111), Rh(211) and Rh(331) are reduced, while those of Rh(100), Rh(110) and Rh(331) are enlarged ([Fig. 4, panel e](#fig4){ref-type="fig"}). When the gas phase is at thermodynamic equilibrium, the catalyst nanoparticle is more spherical and the height to diameter ratio is increased ([Fig. 4, panel f](#fig4){ref-type="fig"}).

In [Fig. 4](#fig4){ref-type="fig"} the profiles of the relative areas of the crystal facets exposed by the catalyst nanoparticles along the reactor coordinate are also reported. In the first zone of the CPO reactor the catalyst morphology changes with the variation of the oxygen partial pressure in the reactive environment. In particular, over-stoichiometric terminations are more abundant when the oxygen content is high. In the second zone of the reactor, the amount of stepped surfaces and Rh(110) increases with the increase of the chemical potential of H~2~ and CO, whereas the relative area of Rh(111) is reduced. This clearly shows that the relative abundance of the possible active sites is influenced by the reaction environment and thus changes as a function of the chemical potential.

Comparison with chemisorption analysis
--------------------------------------

The previous analysis has been performed irrespective of the actual size of the nanoparticle, since the Wulff--Kaishew construction is size-independent. Here, we aim at testing the ability of the framework for given values of catalyst nanoparticle size. At this scope, we report an analysis and interpretation of catalyst characterization experiments on a 0.5% Rh/α-Al~2~O~3~ catalyst prepared by chemical vapor deposition (CVD) of Rh(acac)(CO)~2~ by Beretta *et al.*[@cit41] These experimental data include HRTEM images obtained after aging under CPO conditions at 850 °C and H~2~ and CO chemisorption experiments. HRTEM allowed for the calculation of the particle size distribution of the catalyst under the conditions of the HRTEM analysis (vacuum, room temperature). Chemisorption data are used for estimating the ratio between the number of adsorbed molecules (*N*~A\*~) and the catalyst total number of atoms (*N*~Rh,tot~). This quantity can be employed to calculate the catalyst dispersion (Rh atoms which constitute the catalyst surfaces, *N*~Rh,surf~, divided by *N*~Rh,tot~), if the adsorption stoichiometry (the ratio between *N*~A\*~ and *N*~Rh,surf~) is known. Thus, the catalyst dispersion can be calculated as follows:

Here, using as an input the particle size distribution from HRTEM analysis, we test the ability of our thermodynamic model to estimate the catalyst dispersion. In particular, we calculate the structure of the catalyst and the adsorption stoichiometry under the chemisorption conditions and we compare the resulting catalyst dispersion with the data of chemisorption. In order to input the information regarding the size we proceed as follows. We assume that the number of atoms in the nanoparticles is the same under both HRTEM and chemisorption conditions. This assumption implies that sintering phenomena do not occur (room temperature), but the shape can undergo modifications induced by adsorption of probe molecules.

To this aim, with *ab initio* thermodynamics (eqn (4)) and Wulff--Kaishew construction (eqn (10) and (11)) we calculate the catalyst shape in equilibrium with the environment of the HRTEM analysis. We assume that the catalyst surfaces are adsorbate-free under vacuum conditions. Then, for each diameter of the particle size distribution we calculate the number of atoms in each nanoparticle by filling a Wulff--Kaishew plot with the considered diameter and counting the resulting amount of Rh atoms inside the Wulff--Kaishew plot. We consider the Wulff--Kaishew plot diameter as the distance between the closest two sides of the Wulff--Kaishew plot projected in the *xy* plane.

An example of a nanoparticle with a diameter of 2 nm is shown in [Fig. 7 (panel a)](#fig7){ref-type="fig"}. The corresponding height from Wulff--Kaishew construction turns out to be 1.18 nm, thus leading to a catalyst height/diameter ratio of 0.59. This ratio is in agreement with the qualitative observation of Beretta *et al.*[@cit41] based on HRTEM images (height/diameter = 2/3).

![Wulff--Kaishew construction of Rh nanoparticles on Al~2~O~3~(0001) under the conditions of: (a) HRTEM, (b) H~2~ chemisorption and (c) CO chemisorption. Rh(111) is the surface in contact with the support.](c8cy00583d-f7){#fig7}

After calculating the distribution of number of atoms of the sample, we study the catalyst structure under chemisorption conditions. With *ab initio* thermodynamics we calculate the specific surface free energy of the Rh facets in equilibrium with the chemical potential of CO and H~2~ in the gas phase. Then, with Wulff--Kaishew construction we calculate the equilibrium shape of the catalyst under the conditions at which the chemisorption pulses are performed. For each group of the distribution of number of atoms, we fill a Wulff--Kaishew plot with the corresponding number of atoms and we count the resulting Rh atoms that form the catalyst surfaces (the ones with a coordination number lower than 11). Weighting the number of surface atoms by the percentage amounts of atoms of the groups, we calculate the dispersion of the entire population of nanoparticles.

Under H~2~ chemisorption conditions (*P*~H~2~~ = 4.78 × 10^--2^ atm, room temperature), the H\* chemical potential is Δ*μ*~H\*~ = --0.39 eV (eqn (2) and (14)). The corresponding catalyst shape under H~2~ chemisorption conditions is shown in [Fig. 7 (panel b)](#fig7){ref-type="fig"} and allows for the direct calculation of the catalyst dispersion (atoms at the surfaces divided by the total number of atoms: 0.45 Rh~surf~/Rh~tot~). We perform the same analysis for CO chemisorption conditions (*P*~CO~ = 5.04 × 10^--2^ atm, room temperature). Under these conditions the CO\* chemical potential is equal to Δ*μ*~CO\*~ = --0.60 eV (eqn (2) and (13)). As a result of the different chemical potential, the catalyst shape is different from the one predicted under H~2~ chemisorption conditions ([Fig. 7, panel e](#fig7){ref-type="fig"}), and leads to a value of dispersion of 0.46 Rh~surf~/Rh~tot~.

Next, we compare the values of catalyst dispersion calculated with our thermodynamic model with the ones obtained experimentally through uptake measurements.[@cit41] A crucial information for the interpretation of such experiments is the stoichiometry of chemisorption, which can be deduced by the H~2~ and CO coverages at equilibrium (*ϑ*~H\*~, *ϑ*~CO\*~). Thus, the adsorption stoichiometry can be expressed as:where *N*~F~ is the number of catalyst crystal facets, *ϑ*~A\*,*hkl*~ is the coverage of adsorbate A\* on the facet *hkl* and *S*~rel,*hkl*~ is the relative surface area of the facet *hkl*.

Under H~2~ chemisorption conditions, the H\* coverage on the facets that the catalyst exposes to the environment is 1.00 ML (see [Table 2](#tab2){ref-type="table"}). Therefore, the 0.47 H\*/Rh~tot~ uptake measurement leads to the following value of dispersion:

###### Relative area percentages (*S*~rel~) and adsorbate coverages of the catalyst facets (*hkl*) in equilibrium with the gas phase under H~2~ and CO chemisorption conditions

  *hkl*   H~2~ chemisorption   CO chemisorption           
  ------- -------------------- ------------------ ------- ------
  100     15.68                1.00               91.35   0.83
  110     9.32                 1.00               3.01    1.00
  111     58.60                1.00               5.65    0.75
  211     0.00                 0.67               0.00    0.67
  311     16.41                1.00               0.00    0.75
  331     0.00                 0.67               0.00    0.67

This value is found to be in very good agreement with the one obtained using our thermodynamic model (0.45 Rh~surf~/Rh~tot~).

Concerning CO chemisorption, the surface coverage for each facet is given in [Table 2](#tab2){ref-type="table"}, and results in a CO\* adsorption stoichiometry of 0.83 CO\*/Rh~surf~. As such, by analogy to H~2~ chemisorption, the resulting dispersion is:which is in very good agreement with the one obtained with the thermodynamic model (0.46 Rh~surf~/Rh~tot~).

Conclusions
===========

In this work, we investigated how the reactor environment influences the morphology of a catalyst, in the context of CH~4~ CPO over Rh. In agreement with previous analysis, we find that the reactor is stratified in two distinct zones. The first zone is characterized by a high amount of oxygen in the gas phase in contact with the catalyst, whereas in the second zone the oxygen in the gas phase is very low. We predict that the change from the oxidized zone to the reduced zone of the reactor is accompanied by a change in the structure and morphology of the catalyst. These theoretical findings agree with previously reported *operando* spectroscopic data. In particular, we found Rh~2~O~3~ to be the thermodynamically stable bulk phase in the first zone of the reactor, whereas in the second zone, where the amount of O~2~ drops to very low values at the catalyst interface, metallic Rh turns out to be the most stable bulk structure. We analysed the catalyst morphology along the reactor coordinate using Wulff--Kaishew constructions, and thus obtained 3D representations of the catalyst nanoparticles. This allowed us to estimate the relative amount of catalyst active sites that was found to change significantly along the reactor coordinate. The proposed framework was also validated *via* the interpretation of characterization data on a conditioned 0.5% Rh/α-Al~2~O~3~ catalyst and led to calculated values of catalyst dispersion that are in very good agreement with the experimental estimation *via* H~2~ and CO chemisorption.
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